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• Eastern Mediterranean atmospheric CO2

and CH4 are increasing while CO is
decreasing.

• CH4 levels are higher than the Northern
hemisphere mean indicating regional
sources

• CO seasonality presents a secondary sum-
mertime maximum attributed to wildfires

• CH4 and CO mean summertime diurnal
cycles are consistent with oxidation byOH
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Twenty years of CO2, CH4 andCOgreenhouse gas atmospheric concentrationmeasurements at Finokalia station onCrete in
the Eastern Mediterranean region are presented. This dataset is the longest in the Eastern Mediterranean, based on bi-
weekly grab sampling since 2002 and continuous observations since June 2014. CO2 concentrations increase by
2.4 ppm·y−1 since 2002, in agreement with the general north hemisphere trend as derived by worldwide NOAA observa-
tions. CH4 showedamean increasing trend of 7.5 ppb·y−1 since 2002, a rate that has accelerated since 2018 (12.4 ppb·y−1).
In contrast, CO has decreased by 1.6 ppb·y−1 since 2002, which resulted from a strong decrease until 2017 (2.5 ppb·y−1),
followed by a small increase in the last 3 years (0.2 ppb·y−1). Both CO2 andCH4presentmaximaduringwinter andminima
during summer, in general agreement with the observations at the ICOS stations in Europe. CO also presents the highest
values in winter and the lowest values in summer during June, while a secondary maximum is seen in August, which
can be attributed to open fires that often occur in the area during this period. The mean summertime diurnal cycles of
CH4 andCOagreewith a 24-hmeanOH radical concentration of the order of 0.3–1×107molecules·cm−3 over the region,
in general agreement with the only existing in-situ observations at Finokalia for 2001.
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1. Introduction

Global warming has severe impacts on economy, security and human
health (Stern, 2007). The rapid human-driven increase of greenhouse gas
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(GHG) is the main responsible factor for the global temperature in-
crease, due to GHG's ability to absorb the infrared radiation. This im-
pact has increased during the last decade: the last 8 years (2013 to
2021) as well as the years 2005 and 2010 are among the warmest
ten years since 1880. Regionally, in climate sensitive areas, like the
Arctic and the Mediterranean, temperature changes can be faster
than the global mean. In particular, data analysis in Zittis et al.
(2022) has shown that the Eastern Mediterranean and Middle East re-
gion warmed about two times faster than the global average tempera-
ture increase (0.45 °C/decade versus 0.27 °C/decade globally) for the
period 1981–2019. This faster warming is found to be characteristic of
the last 2 decades, since accounting for the entire 20th century
(1901–2019) the two trends, regional and global, are very similar.
The rise of the average temperature has been accompanied by more
frequent extreme weather features, e.g. heatwaves, droughts, heavy
rains (Zittis et al., 2022). According to the IPCC sixth assessment re-
port (IPCC, 2022) CO2 and CH4 contribute approximately 53 % and
34 % respectively to the global warming by GHG (CO2, CH4, N2O
and CFCs) from 1750 to 2011.

Carbon dioxide's lifetime in the atmosphere is controlled by its uptake
by the ocean, 2.8 ± 0.4 GtC∙y−1, and terrestrial vegetation, 3.1 ± 0.6
GtC∙y−1, according to the 2021 Global Carbon Budget for the decade
2011–2020 (Friedlingstein et al., 2022), and is of the order of a few hun-
dreds of years (Forster et al., 2007). The primary sources of CO2 are fossil
fuel combustion and cement production (9.5 ± 0.5 GtC∙y−1) and land
use emissions mainly due to deforestation (1.5 ± 0.7 GtC∙y−1). Carbon di-
oxide levels have increased rapidly since the beginning of the Industrial
Era, from approximately 277 ppm (10−6 v/v) in 1750 (Joos and Spahni,
2008) to 412.5 ppm in 2020 (Friedlingstein et al., 2022).

Methane has a mean lifetime of 9.8 ± 1.6 years (Voulgarakis et al.,
2013) that is at least one order of magnitude shorter than that of CO2. De-
spite being significantly less prevalent in the atmosphere than CO2, meth-
ane absorbs thermal infrared radiation far more efficiently and hence
has a global warming potential (GWP) that is 86 times higher per unit
mass on a 20-year timescale, and 28 times stronger on a 100-year time-
scale, than CO2 (Jackson et al., 2020). The primary sources of CH4 are
emissions from fossil fuel use (111–128 Tg CH4∙y−1), from agriculture
and waste management (206–217 Tg CH4∙y−1), from biomass and bio-
fuel burning (30 Tg CH4∙y−1), from wetlands (149–181 Tg CH4∙y−1)
and other natural emissions, including permafrost and termites
(37–222 Tg CH4∙y−1), according to the Global Methane Budget
2000–2017 (Saunois et al., 2020). In contrast to CO2, the ocean is pres-
ently thought to play a minor role in the CH4 budget (1–3 %; Saunois
et al., 2020). The main tropospheric sink of CH4 is its oxidation by reac-
tion with hydroxyl radical (OH) in the atmosphere (518–595 Tg
CH4∙y−1). Methane is also removed, to a lesser extent, by soil uptake
(30–38 Tg CH4∙y−1). The atmospheric methane levels reached 1879.2
± 0.6 ppb (10−9 v/v) in 2020 (Lan et al., 2021), approximately 2.5
times greater than the value of 722 ± 25 ppb during the pre-industrial
era (Etheridge et al., 1998).

Although carbon monoxide (CO) is not a significant GHG (it is a weak
absorber at about 4.65 μm), it has a major role in the troposphere affecting
GHG levels. It is a major sink for OH radical, which in turn controls the CH4

sink. In particular it has been estimated that the reaction of CO is responsi-
ble for 40 % of the removal of OH, which is the main oxidant in the tropo-
sphere (Lelieveld et al., 2016). Carbonmonoxide also affects O3 production
or destruction depending on NOx levels, and contributes to CO2 secondary
production in the atmosphere. Carbon monoxide has a short lifetime in the
atmosphere of about 2 months (Khalil and Rasmussen, 1990). Its main
sources are the anthropogenic emissions from fossil fuel combustion (700
Tg CO∙y−1), emissions from biomass burning that include both human-
ignited and naturally-ignited fires (500 Tg CO∙y−1), natural emissions
from plant leaves and marine biogeochemical cycling (220 Tg CO∙y−1),
and the production of CO from oxidation of CH4 and other volatile organic
compounds (VOC, 1200 Tg CO∙y−1, Zheng et al., 2019). The dominant sink
of CO is the oxidation by OH radicals (2600 Tg CO∙y−1), while its removal
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to the soil is estimated to be a very weak sink (Potter et al., 1996). Carbon
monoxide levels have been decreasing since 2000, driven by the regula-
tions for reduction in anthropogenic emissions in the US, Europe and
China, in order to combat air pollution (Zheng et al., 2019; Daskalakis
et al., 2016).

Because of the impact of CO2, CH4 and CO on climate and air quality,
these gases are regularly monitored around the globe using ground-based
(flask samples, gas concentration analyzers, including cavity ring-down
spectroscopy (CRDS), and Fourier-transform infrared (FTIR) spectroscopy),
airborne, and satellite measurements. Their observations, combined with
numerical modeling, enable reduction of uncertainties in their emission es-
timates, in particular in climate sensitive regions of the globe. The Mediter-
ranean is one of the most climatically sensitive regions of the world at the
interception of three continents (Europe, Asia, Africa) where air masses of
anthropogenic origin, transported mainly from Europe, the Balkans and
the Black Sea (Kanakidou et al., 2011), mix with biomass burning (Sciare
et al., 2008), biogenic (Liakakou et al., 2009) and other natural emissions
(Gerasopoulos et al., 2011) from the regions surrounding the Mediterra-
nean Sea (Fig. 1). This mixture of pollutants reacts chemically under the
fair weather conditions with a relatively high temperature, high solar radi-
ation and low rainfall that govern the region year-around (Kanakidou et al.,
2011; Lelieveld et al., 2002; Myriokefalitakis et al., 2016).

In this studywe present and discuss a 20-year data series of observations
of CO2, CH4 and CO background levels in the remote atmosphere of the
Eastern Mediterranean that are performed at the monitoring station of the
University of Crete at Finokalia, Lasithi, Crete, Greece. We perform a
trend analysis of these data series, compare themwith data from other loca-
tions in Europe aswell as with the northern hemisphere (NH)mean concen-
trations of these GHGs derived from the National Oceanic and Atmospheric
Association (NOAA) and the Integrated Carbon Observing System (ICOS)
databases. Finally, using the observed seasonal mean diurnal variation of
CH4 at Finokalia, we derive a summertime mean OH radical concentration
for the region.

2. Methodology

2.1. Observations

The monitoring station of the University of Crete at Finokalia (35°20′N,
25°40′E, 250 m ASL) (Fig. 1) is representative of the regional background
atmosphere since no significant anthropogenic activities occur within
15 km around the station (Mihalopoulos et al., 1997). The station is located
250 m above sea level on the coast at about 70 km North East of Heraklion
city and is facing the sea within the sector of 270° to 90°. Air samples are
collected from the top of a 12-mmast. During summer the station is affected
by northerly and north-westerly winds (Central Europe and the Balkans),
while the remaining period and particularly during spring and fall it is
strongly impacted by southern and south-western air masses originating
from North Africa in addition to the prevailing north-westerly winds
(Mihalopoulos et al., 1997).

CO2, CO and CH4 concentration observations began at Finokalia in
2002, first with flask sampling then with a Cavity Ring Down Spectrometer
(PICARRO G2401) installed in June 2014 for continuous measurements;
while flask sampling continued on a sporadic basis for comparison with
the on-line analyzer measurements. The two datasets compare well as
shown in Fig. S1.

Pairs of flasks were sampledweekly with a sampling unit consisting of a
pump drawing air through a chemical drying cartridge. Air was collected in
1 L glassflasks, pressurized to 2 bar absolute pressure. Flaskswere analyzed
at Laboratoire des Sciences du Climat et de l'Environnement (LSCE) on a
commercial gas chromatograph (GC), 6890 N from Agilent Technologies,
which was adapted for flask measurements (Lopez et al., 2012; Schmidt
et al., 2014; Lopez et al., 2015). The GC was equipped with a flame ioniza-
tion detector for CH4 and CO2. A reduction gas detector from Peak Per-
former was coupled to the GC for CO measurements. The instrument was
regularly calibrated against two standards and a known target gas was



Fig. 1. Finokalia (FKL), Lampedusa (LMP) andWeizmann Institute of Science (WIS) atmospheric monitoring stations in the Mediterranean (green circles) and the location of
oil pipelines (blue lines) and oil refineries (red squares) as derived from theHarvard database (data fromhttps://hgl.harvard.edu/catalog/, last access on 12 April 2022). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

N. Gialesakis et al. Science of the Total Environment 864 (2023) 161003
injected every 30min, showing a short-term repeatability of approximately
0.1 ppm CO2, 1 ppb CH4, and 2 ppb CO.

Continuous measurements, performed via the CRDS analyzer, were
setup to follow the ICOS specifications (ICOS RI, 2020; Yver-Kwok et al.,
2021). A set of four calibration cylinders, a short-term target and a long-
term target are calibrated and provided by LSCE for the calibration at
Finokalia. All data (flask and continuous) presented in this study are cali-
brated against the World Meteorological Organization (WMO) scales:
WMOX2019 for CO2,WMOX2004A for CH4 andWMOCOX2014A for CO.

Aggregating the data over time is thefinal step in the process. For in situ
data, the 1 min, hourly and daily means are computed. All the means are
calculated using data from the nearest temporal aggregation level rather
than the raw data, as recommended by the World Data Centre for Green-
house Gases (WDCGG). This means that raw data are utilized to compute
one-minute averages, which are subsequently used to compute hourly aver-
ages and so on (Hazan et al., 2016). For the present study, we calculated
and analyzed the monthly and daily mean values.

2.2. Data analysis

In order to analyze the variabilities in the observed concentrations, at
different time scales, two different methodologies have been used. First,
we used the methodology of the seasonal-trend decomposition procedure
(STL), based on LOcally Estimated Scatter plots Smoothing (LOESS) using
locally weighted regression, developed by Cleveland et al. (1990). LOESS
regression is a nonparametric technique that instead of creating a global
model for the whole function space, like linear regression, it creates a
local model for each point of interest based on data from nearby the
query point. For this aim, each data point is transformed into a weighting
3

factor that indicates the data point's effect on the forecast. In general,
data points that are near the current query point are given more weight
than data points that are far away. LOESS curves can indicate data trends
and seasonal cycles that are difficult to model using a parametric curve.
This method decomposes the time series into the trendline (Fig. S2), the
seasonality (Fig. S3), and the residual (Fig. S4), assuming that the
timeseries are additive i.e., that each observation in the series can be
expressed as a sum of the components. A python program available on
the web has been used for these calculations (https://www.statsmodels.
org/devel/generated/statsmodels.tsa.seasonal.STL.html, last access 6 May
2022). The only obstacle for this method is that the program does not
work with data having large gaps, so this method was applied only to the
PICARRO continuous data.

For that reason, we have also developed another simple method of sea-
sonal trend decomposition based on linear regression (STLR) that has been
applied to the combined dataset of flask and continuous observations. We
first apply a linear regression to the monthly mean observations for all
the years to calculate the intercept and the slope fromour data.We then cal-
culate the residual, i.e. the distance of each monthly mean value from the
linear regression line, by subtracting from the original data the value recon-
structed using the linear regression. These monthly residuals are used to
calculate the mean residual for each month averaged over the years of the
studied period. This mean residual value for each month is then subtracted
from the respective month of each year leading to the deseasonalized
timeseries. Both STL and STLR methods have been successfully evaluated
(Fig. S5) by applying them to theNOAAflaskmeasurements and comparing
the deseasonalized CO2 monthly mean values with those reported for
Mauna Loa on NOAA's website (https://gml.noaa.gov/webdata/ccgg/
trends/co2/co2_mm_mlo.txt, last access on 01 April 2022).

https://www.statsmodels.org/devel/generated/statsmodels.tsa.seasonal.STL.html
https://www.statsmodels.org/devel/generated/statsmodels.tsa.seasonal.STL.html
https://gml.noaa.gov/webdata/ccgg/trends/co2/co2_mm_mlo.txt
https://gml.noaa.gov/webdata/ccgg/trends/co2/co2_mm_mlo.txt
Image of Fig. 1
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Fig. 2. Observations of CO2 (top), CH4 (middle) and CO (bottom) at the Finokalia
atmospheric monitoring station, Lasithi, Crete. Green circles depict monthly mean
data based on hourly PICARRO continuous measurements (since June 2014), blue
circles are monthly means from flask observations, the red line depicts the
monthly mean observations in the north hemisphere based on available NOAA
flask observations (see text). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Seasonal variations have been investigated by using both the STL sea-
sonal component (Fig. S3) and the monthly mean concentrations normal-
ized to the mean of the observed concentrations of the respective year.
Diurnal variations have been calculated by normalizing the hourly concen-
trations to the mean daily value of the respective day. Monthly and then
seasonal mean diurnal variations are derived.

The observations at Finokalia are also comparedwith publicly available
data for CO2, CO and CH4 from monitoring stations of the Integrated Car-
bon Observing System (ICOS) network in Europe (https://www.icos-cp.
eu/data-products/atmosphere-release, last access on 08 April 2022) and
from the NH stations of the National Oceanic and Atmospheric Association
(NOAA) database (https://gml.noaa.gov/dv/data/, last access on 8 April
2022), in particular with data from Lampedusa, a nearby station in the Cen-
tral Mediterranean, as well as CH4 and CO level 2 data from the TROPOMI
Sentinel 5P instrument using the WFM-DOAS v1.5 product (https://www.
iup.uni-bremen.de/carbon_ghg/products/tropomi_wfmd/index.php, last
access on 8 April 2022) (Schneising et al., 2019). TROPOMI Sentinel-5P
was launched in October 2017, with data available from December 2017.
It has a sun-synchronous orbit at an altitude of approximately 824 km
and a swath size of 2600 km. It has a 16-day orbital cycle reaching Equator
at 13:30 local time. TROPOMI is a nadir-viewing spectrometer with chan-
nels in the ultraviolet spectral region in the NIR and SWIR. The spatial res-
olution of both CO and CH4 data products was 7.0 × 7.0 km at the
beginning of the mission in 2017 and 7.0 × 5.5 km since 6 August 2019.
For our study we used daily TROPOMI data from 2018 to 2020 to calculate
the monthly values for a grid box with a radius of 100 km centered at the
Finokalia station. In addition, the Finokalia observations have been com-
pared to the surface observations of GHG by CRDS using the urban back-
ground site of Thission in Athens by Dimitriou et al. (2021) as well as to
the column observations by FTIR at the Aristotle University of Thessaloniki
in Thessaloniki by Mermigkas et al. (2021) for the period 2019–2020.

3. Results and discussion

We analyzed the concentrations of GHG measured at Finokalia station,
both based on the flasks and on the continuous measurements. The contin-
uous data are first averaged per hour, and these values are then here used
for analysis.

3.1. Interannual trends since 2002

Fig. 2 shows the interannual variability of CO2, CH4 and CO over the 20
years of observations combining the discontinuously collected flask sam-
ples (2002–2014; blue) with the monthly mean of the continuous observa-
tions since June 2014 (green). Interannual changes are the net result of the
emissions (natural climate-driven and anthropogenic) and those of the
sinks (physical, biological or chemical), which can be modulated by inter-
annual variation of the atmospheric circulation. An overall increasing
trend is observed for both CO2 and CH4 with annual mean concentrations
(±standard deviation) spanning from 375.2 ± 3.1 ppm and 1862.0 ±
4.0 ppb in 2002 to 417.0±4.4 ppm and 1978.2±9.9 ppb in 2021, respec-
tively.

These values are close to those observed in Lampedusa in the Central
Mediterranean to the west of Crete (see Fig. S6 and discussion in
Section 3.2) and lower than the respective levels observed at the urban
background station of Thission in the large agglomeration of Athens, main-
land Greece, to the northwest of Finokalia. Indeed, in 2019 monthly mean
CH4 concentrations at Thission exceeded those at Finokalia by approxi-
mately 40 ppb, depending on month compared (Dimitriou et al., 2021).
For CO2 this difference between the urban background station and the
Finokalia regional background station is the highest during winter months,
when it reaches about 30 ppm (Dimitriou et al., 2021). An interannual
trend opposite to that of CH4 and CO2 is observed for CO at Finokalia and
shows a clear decrease from 171.6 ± 8.0 ppb in 2002 to 120.3 ± 12.6 in
2021. This trend reflects the effectiveness of the legislation for the improve-
ment of air quality (Lamarque et al., 2013) aswell as the potential change in
4

the tropospheric oxidants, in particular the OH radical that is the main ox-
idant reacting with CO. Note that the CO levels from flask observations in
2002 agree with the observations in the area during the MINOS campaign
in 2001 reported by Lelieveld et al. (2002), who estimated the contribution
fromwestern and eastern Europe to boundary layer CO in the Eastern Med-
iterranean at about 60–80 %, mainly from fossil fuel use. These data are
also in line with the observations of 170 ± 27 ppb observed at the forest
of Pertouli in the north of Greece in 1997 (Gros et al., 2002). This CO back-
ground concentration is mainly controlled by long-range transport of pol-
luted air masses to the region, as shown by Myriokefalitakis et al. (2016)
who also estimated the annual mean contribution of regional anthropo-
genic sources of CO at approximately 20 %.

Because the data show clear seasonal patterns that will be further dis-
cussed in Section 3.2, the STL and STLR programs (see Section 2.2) have
been applied to deseasonalize them in order to deduce the long-term trends
and interannual variations for each of the studied compounds (Figs. S2–S4).
Trends were calculated for the whole period, including the flask period,
with larger uncertainties for this earlier period. However, the flask observa-
tions and PICARRO data compare rather well as shown in Fig. S1 for CO2

over the period 2014 to 2018,when both type of observations are available.
Thus, we discuss the results for different periods but we focus mainly on the
recent period with continuous measurements that provide a more accurate
picture of the variability of the studied compounds due to the larger num-
ber of observations (about 720 datapoints/month) than the flask data. Nev-
ertheless, despite the scarcity of the data, the flask observations of the three
measured species from the earlier years (2002–2014) follow similar inter-
annual trends. The derived clearly increasing trends for CO2 are 2.4
ppm·y−1 (since 2002, all data) and 2.5 ppm·y−1 (since 2014, PICARRO
data). For CH4 the entire dataset shows a 7.5 ppb·y−1 increase over the
20 year period while the PICARRO data (since 2014) indicate an acceler-
ated increase since 2018 (an increasing rate of 12.4 ppb·y−1). In contrast,
a decreasing trend of CO has been found for the 20 year period (all data)
corresponding to 1.6 ppb·y−1, similar to the trend derived for the period
2014–2021 (PICARRO data). The trend in CO is the result of a strong de-
crease until 2017 (2.5 ppb·y−1) followed by a small increase the last 3
years (0.2 ppb·y−1).

It is interesting to compare these results with the NH patterns of the
studied compounds as recorded by the NOAA network. As expected, due

https://www.icos-cp.eu/data-products/atmosphere-release
https://www.icos-cp.eu/data-products/atmosphere-release
https://gml.noaa.gov/dv/data/
https://www.iup.uni-bremen.de/carbon_ghg/products/tropomi_wfmd/index.php
https://www.iup.uni-bremen.de/carbon_ghg/products/tropomi_wfmd/index.php
Image of Fig. 2
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to its long lifetime and the remote location of the background station at
Finokalia, CO2 follows the observed NH mean concentration changes
(Fig. 2, top, continuous red line). In contrast, CH4 observed concentrations
at Finokalia are approximately 13.2 ± 10.9 ppb higher than the mean NH
values for the 20-year record and 13.0± 5.6 ppb for the last 7-year period
(Fig. 2-middle, continuous red line, and supplementary Figs. S7, S8). Con-
sidering the high photochemical activity in the region (Berresheim et al.,
2003; Lelieveld et al., 2002) the higher than NH average levels of CH4 are
likely to be due to the vicinity of important regional sources of CH4 from
oil and natural gas exploitation (extraction, storage and transportation ac-
tivities, https://hgl.harvard.edu/catalog/, Fig. 1) or other local sources,
like livestock farming, that lead to an increase in the background CH4

levels. This is supported by the comparison with observations from Lampe-
dusa in the Central Mediterranean, the only other nearby station in the
Mediterranean with long GHG observations, that shows slightly lower
CH4 levels (by 11.0 ± 6.9 ppb) as well as a smaller increasing trend (by
0.4 ppb·y−1) than at Finokalia (Figs. S6, S8). However, at the eastern
edge of the Mediterranean, the Weizmann station in Israel (Fig. S8) shows
CH4 levels and trends comparable to Finokalia, indicating that the higher
than the NH average CH4 levels and the faster increase is a regional than
a local characteristic.

Carbon monoxide levels at Finokalia appear to be on average
slightly higher than the NH average, by 2.6 ± 13.6 ppb, when consid-
ering the 20-year record, and slightly lower, by 2.7 ± 6.9 ppb, when
considering the last 7 years (Fig. 2 and Fig. S7). These differences are
not significant when accounting for the variability in the observations.
In addition, comparing the PICARRO data at Finokalia to the Lampe-
dusa observations (2014–2020), CO concentrations at Finokalia ap-
pear to be lower by 1.8 ± 8.5 ppb (Fig. S6), while their decreasing
trend is higher by about 2 ppb·y−1. Although these concentration dif-
ferences are not significant, they could reflect the high photochemical
activity, and therefore the high OH sink of CO in the region. This could
be overcoming any increase of the secondary source of CO by CH4 and
oxidation of other volatile organic compounds (VOC) in the region,
and corroborates with the reduction in CO primary sources due to leg-
islation. Furthermore, compared to the NH mean, similar seasonal be-
havior of CO concentrations is found, with the exception of the peaks
that appear during the summer months, which can be attributed to re-
gional biomass burning emissions. Indeed, it is interesting to mention
that the decline in ambient CO concentrations is a global trend result-
ing from policy implementation for the improvement of air quality
(Lowry et al., 2016). In line with the global trend, in Greece during
and after the economic crisis in 2009–2010, CO, nitrogen oxides and
nonmethane volatile organic compounds emissions are considerably
decreasing. This reduction happens despite the increase of the popula-
tion of circulating vehicles, as there is a marked increase in less pollut-
ing vehicles ((European Environment Agency, 2021), Greece 2021:
National inventory report, https://unfccc.int/ghg-inventories-annex-
i-parties/2021; last access Nov. 27, 2022). CO emission reduction is
reflected in CO levels at Finokalia that are mainly affected by long-
range transported pollution (Myriokefalitakis et al., 2016).

3.2. Seasonal variability

Based on the continuous hourly observations since June 2014, CO2

monthly mean concentrations range from 396.3 ± 3.6 ppm in June 2014
to 420.7 ± 2.2 ppm in December 2021, with the lowest concentration in
Aug. 2014 (392.9 ± 2.2 ppm) and the highest in March 2021 (421.4 ±
0.5 ppm). Fig. 3a depicts the seasonal variability of the studied species as
derived from the 20 years of observational data (squares) and from the con-
tinuous observations since 2014 (circles), using monthly mean observa-
tions normalized to the annual mean of the respective year. Both the 20
year and the last 7 years datasets show similar patterns.We will further dis-
cuss the more representative last 7 years of data (2015–2021, circles). CO2

(Fig. 3a) shows maximum values from November to April and the lowest
values are in July and August with a seasonal amplitude of about 2.9 %
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(derived by subtracting the minimum from the maximum normalized
monthly mean values in Fig. 3a). This behavior can be explained by the de-
pendence of CO2 on the photosynthesis of plants (Allard et al., 2008;
Walker et al., 2021). This maximizes under intensive photochemistry con-
ditions which dominate in the region during late spring, summer and
early autumn (Kanakidou et al., 2011). Vegetation in the northern hemi-
sphere flourishes during spring and summer, resulting in increased photo-
synthesis and consequently a decrease of atmospheric CO2 that is
captured by the biosphere. Fig. S9 compares CO2 seasonal variability at
Finokalia with that of other stations in Europe. As expected, due to the rel-
atively remote location of Finokalia compared to the other ICOS stations
wheremost of them are in continental Europe and thus are strongly affected
by vegetation, the coastal site of Finokalia on the island of Crete shows a
smaller seasonal magnitude than at the ICOS stations as a whole. Concen-
trations of CO2 at Finokalia show similar seasonality and seasonal ampli-
tude to the Lampedusa (Central Mediterranean) and Weizmann (Israel)
stations (Fig. 3b). Carbon dioxide concentrations at Finokalia decrease
faster than at the two other sites from spring to summer, followed by a
slower increase towards winter, indicating a more efficient regional sink
and/or weaker regional sources than at the other sites.

Monthly mean values of CH4 calculated from the daily observations,
range from 1900.8 ± 24.6 ppb (10−9 v/v) in June 2014 to 1987.9 ±
15.3 ppb in Dec. 2021 with the lowest monthly mean concentration in
July 2014 (1899.4 ± 15.2 ppb) and the highest in Oct. 2021 (1997.9 ±
14.5 ppb). At Finokalia CH4 concentrations do not depict a clear seasonal
variation, as the factors affecting it aremultiple. Atmospheric transport, pri-
mary emissions of anthropogenic and natural origin and secondary chemi-
cal destruction of CH4 from OH radicals in the troposphere are the main
factors affecting CH4 concentrations and seasonality (Khalil and
Rasmussen, 1983; Rigby et al., 2017). However, a seasonal amplitude of
about 1.1 % is derived from the normalized monthly mean concentrations
(Fig. 3c). High values are observed from August to March and the lowest
in June and July (Fig. 3c). These low values can be explained by the chem-
ical consumption of methane by the OH radical, the concentrations of
which maximize during spring and summer due to the intense sunlight
and the high O3 levels (Berresheim et al., 2003; Gerasopoulos et al.,
2005). In Fig. 3d and supplementary Fig. S9 the continuous observations
at Finokalia station are comparedwithmonthlymean values from ICOS sta-
tions in Europe and with data from Lampedusa and Weizmann stations
from the NOAA network. Due to the long lifetime of CH4 (about 10 years,
(Saunois et al., 2020)) its hemispheric mean seasonality is not expected to
be affected by regional sources or sinks. Finokalia data show a much
smaller seasonal amplitude than the ICOS data (Fig. S9). However, they
agree reasonably well with those at theWeizmann station, with aminimum
in June and high values in winter (Fig. 3d). Lampedusa station in the
Central Mediterranean shows a more pronounced seasonality with the
minimum in July delayed by one month compared to Finokalia and Weiz-
mann observations.

CO hourly concentrations at Finokalia range from about 70 to 436 ppb
over the entire studied period, with the highest values observed in August
2021 when intensive fires occurred over Greece and Turkey affecting the
entire EasternMediterranean. Based on the continuous hourly observations
from the last 7 years, monthly mean CO concentrations vary from 150.5 ±
23.5 ppb in March 2015 to 93.8 ± 6.6 ppb in June 2020 (Fig. 3e). Overall
CO at Finokalia shows a late winter/early spring (Jan–April) maximum,
which is affected by the agricultural burnings all over the island of Crete.
It also reflects a net photochemical gain for CO resulting from oxidation
of high concentrations of volatile organics during spring, under conditions
of significant photochemical activity. CO shows a summer (June)minimum
when its photochemical destruction by reaction with the OH radical maxi-
mizes. Overall, the seasonal cycle of CO, with an amplitude of 28%, reflects
the combined effect of the seasonal variation of the primary and secondary
emissions and of the photochemical sink by reaction with the OH radical.
However, a secondary smaller seasonal maximum is also seen in CO
monthly mean concentrations associatedwith summer time open fire emis-
sions in the Mediterranean that are both naturally and human-induced.

https://hgl.harvard.edu/catalog/
https://unfccc.int/ghg-inventories-annex-i-parties/2021;
https://unfccc.int/ghg-inventories-annex-i-parties/2021;


Fig. 3.Normalized monthly mean variability of CO2 (a), CH4 (c) and CO (e) at Finokalia (FKL) atmospheric monitoring station as derived from continuous observations (red
symbols and line; June 2014–Dec 2021) and fromall data (20 years). Comparison of normalized FKLmean seasonality (20 years) with those observed (flaskmeasurements) at
Lampedusa (LMP; from2006 to 2020) andWeizmann (WIS; from2002 to 2020) stations in the region (b, d, f) (see also Fig. S7). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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This secondary maximum is also seen in the data from the Lampedusa and
Weizmann stations (Fig. 3f); while it clearly differentiates the seasonal pat-
terns of these stations from the overall ICOS European network seasonality
(Fig. S9). Unlike CO2 and CH4, which as earlier discussed have long life-
times in the atmosphere, CO has a much shorter lifetime (about 2 months
depending on the atmospheric conditions (Khalil and Rasmussen, 1990))
and therefore responds faster than the other two GHGs to its emission
changes.

Fig. 4a and b compares the normalized near-surface monthly mean var-
iation of CH4 and CO respectively, as derived from the in-situ observations
at Finokalia, with the normalized total columns derived from TROPOMI
satellite observations and from FTIR measurements at Thessaloniki for
the period 2019–2020, when both in-situ and satellite observations are
available (see Section 2). Since satellite and FTIR observations measure
the total column, differences with the surface-derived seasonality are to
be expected. Interestingly, satellite-derived total column CH4 levels at
Finokalia show a similar pattern to the FTIR normalized column observa-
tions at Thessaloniki with a low in February and March. However, the in-
situ near-surface observations at Finokalia indicate values very close to
the annual mean during that period, most probably associated with near-
surface CH4 pollution, e.g. from sheep and goats on the island of Crete or
6

oil and natural gas exploration and exploitation in the vicinity, and the dif-
ferent air masses above. On the other hand, TROPOMI seasonal variability
for total column CO is in general agreement with the in-situ near-surface
observations at Finokalia and with FTIR column observations at
Thessaloniki. It shows an April maximum (Fig. 4b), which is not so marked
when accounting for the satellite observations variability, expressed by the
standard deviation of the overpasses within each month. It also reflects the
secondary late summer high CO values attributed to biomass burning emis-
sions affecting the region during that period. Furthermore, CO column sea-
sonal variability derived from the satellite observations presents its lowest
values late autumn (Oct., Nov.), while near surface CO concentration vari-
ability shows minima in June and July. However, when accounting for the
variability (standard deviation) within each month, these differences be-
tween the near-surface and the total column seasonality are not significant.
The general good agreement between the seasonal variability of in-situ
near-surface CO and satellite-derived column CO shows the large contribu-
tion of near-surface CO to the total CO column. It also shows that since
TROPOMI CO column observations are coherent with the in-situ near-
surface observations, TROPOMI provides invaluable data to construct the
global distribution of CO in the troposphere, in particular covering regions
where in-situ observations do not exist.

Image of Fig. 3


Fig. 4. Monthly mean variability (and standard deviation) of normalized levels of
CH4 (a) and CO (b) as derived from the in situ near-surface observations at
Finokalia (red line) and from TROPOMI total column observations with a
colocation radius of 100 km (green line). For CH4 comparison is also done with
FTIR measurements at Thessaloniki (see text). Comparison is done for the years
2019–2020. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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3.3. Diurnal variability

In the following, the diurnal variability of the studied compounds is in-
vestigated on a seasonal basis (winter: December January February, DJF,
spring: March April May, MAM, summer: June July August, JJA, autumn:
September October November, SON) using the hourly data available since
June 2014. For this, first hourly concentrations have been normalized to
the mean daily value of the respective day and then monthly and thereby
seasonal averages have been calculated for each hour.

A small diurnal variation of CO2 is observed only in winter and spring
with diurnal amplitudes of about 0.25 % and 0.28 %, respectively (supple-
mentary Fig. S10). This variation that appears to follow solar illumination is
probably due to photosynthesis during daytime, which is more intense dur-
ing the growing period. It is worth noting that during winter the area has
significant growth and greening of the vegetation, while in the summer
the region is very dry causing a browning and significant reduction in
vegetation growth and photosysthesis. In addition, in summer and autumn,
the hourly variability (shown by the standard deviation) is too high,
prohibiting the observation of any significant diurnal variation.

Apart fromwinter, when CH4 does not show any significant diurnal var-
iation, during the other seasons a mid-day minimum is observed in the
overall weak CH4 diurnal variability (supplementary Fig. S11). The stron-
gest diurnal variability appears mainly during summer (diurnal amplitude
of about 0.24%, Fig. 5a) followed by spring's variability (diurnal amplitude
of about 0.16 %). This can be partially attributed to the CH4 daytime sink
from reaction with the OH radical. This radical presents its highest concen-
trations during late spring and summer because of the intense solar radia-
tion in the region. Maximum values of CH4 are observed in the early
7

morning and evening hours due to the absence of the sunlight and weak
air circulation (Gerasopoulos et al., 2006).

The strongest diurnal variability of CO is observed in summer (Fig. 5b)
and winter (diurnal amplitude of about 1.4 % and 2.3 %, respectively, sup-
plementary Fig. S12). Summer CO variability is driven by both sources and
sinks. The high summertime concentrations of OH radicals result both in
high CO loss by chemical reaction with OH to produce CO2 and in high
CO production during the atmospheric oxidation of VOC, including CH4;
these two impacts having opposite effects on CO concentration. In addition,
fires that often occur in the Mediterranean during summer further increase
CO sources. Winter-time variability shows COminimum values early in the
morning, most probably reflecting the opening of the boundary layer. Here
the surface air rich in CO, due to the burning of wood/olive tree branches
during agricultural activities, is diluted by mixing with cleaner free tropo-
spheric air.

3.4. Hydroxyl radicals

From the summer averaged diurnal variation of CH4 and CO (Fig. 5a,
b) we calculated the mean OH radical concentrations that can explain the
observed morning to mid-day reduction in CH4 and CO concentrations in
summer over the period 2014–2021. Such an approach neglects any dilu-
tion due to the mixing of surface air with free tropospheric air, or surface
deposition, and assumes oxidation by the OH radical as the only reason
for the morning to mid-day decrease in the concentrations of these reactive
species. In addition, for CO it neglects the photochemical production of CO
during the day through the oxidation of CH4 and other VOC that can be a
significant source of CO on a regional scale. Therefore, only an approximate
estimate of seasonal day-time mean OH radical concentration can be de-
rived here from CH4 and CO seasonally averaged diurnal variability. For
this we consider the first order decay of these compounds by reaction
with the OH radical following the Eq. (1):

ΔC
C0

¼ e−kOH ∙OH∙t ð1Þ

where C0 is the initial/early morning normalized concentration, ΔC is the
difference between the normalized values of the early morning (6 am
local time) and mid-day (2 pm local time) values, kOH is the rate constant
for the reaction of the OH radical with CH4 and CO, respectively that is cal-
culated using the mean temperature and pressure of each season for the re-
spective year (kOH,CH4= 1.85× 10−12 exp(−1690 / T); kOH,CO= 1.44×
10−13 (1 + [N2] / (4.2 × 1019 molecule·cm−3)) (Atkinson et al., 2006),
OH is the mean concentration of the OH radical, and t is the time period
over which the decay is observed (in s).

The results are depicted in Fig. 5c for CH4 and indicate a mean OH con-
centration during daylight of 1.5 (± 0.3) 107 molecules·cm−3 over the 8
summers from 2014 to 2021, ranging between approximately 1.1 × 107

molecules·cm−3 (in 2014 and 2021) and 2.1 × 107 molecules·cm−3 (in
2015). This corresponds to 0.7 (±0.2) 107molecules cm−3 of OH averaged
over 24-h over the 8 summers period. Themean daytime OH concentration
derived from the observed decrease of CO from the morning to noon in
summer is almost 4.5 times lower (at 3.1 × 106 molecules·cm−3) and
this difference can be explained by the unaccounted regional production
of CO from VOC oxidation. Indeed, considering that the observed CH4 day-
time decrease (Fig. 5a) ultimately leads to CO formation that is also de-
pleted by the OH radical during daytime, roughly a factor of 4.5 times
higher OH radical concentration (i.e., 1 × 107 molecules·cm−3) would be
needed to explain the observed CO concentration changes than the
above-derived value based on the observed CO diurnal variability, assum-
ing no photochemical sources for CO. Overall, the thus deduced 24-h
mean OH value of 0.7 (±0.2) 107 molecules·cm−3, is in general agreement
with the respective mean OH levels of 4.5 (±1.1) 106 molecules·cm−3 ob-
served by Berresheim et al. (2003) at Finokalia during summer 2001; the
only existing OH observations at Finokalia.

Image of Fig. 4


Fig. 5. a. Average summertime diurnal variation of CH4 for the period 2014–2021; b Average summertime diurnal variation of CO for the period 2014–2021; c. interannual
variability of summertime average OH radical concentrations as derived from the summertime average diurnal variability of CH4 between 06:00 and 14:00 local time for all
years except 2017 when the period 08:00–14:00 is used following the observed diurnal pattern (see text).
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It is worth noting that in Fig. 5c for 2017 the OH concentrations are de-
rived from the summer mean CH4 decrease between 08:00 and 14:00 since
that year CH4 shows a different diurnal pattern than the other years of our
study with morning maximum at 08:00 rather than at 06:00. Interestingly,
CH4 concentrations show a discontinuity in the increasing trend in 2016
(supplementary Fig. S8), increasing faster than in earlier years, and a de-
creasing trend during the first half of 2017. It is remarkable that 2016
was an El Nino year and the warmest year of the century following a rela-
tively cooler year in 2015. Such a pattern is also seen in the record of the
Weizmann station, although the peak in CH4 concentration in 2016 is
reached a few months earlier than at Finokalia. Furthermore, the Weiz-
mann station also experienced the fastest increasing CH4 trend over
2014–2020, which is the common period of observations with Finokalia.
This 2016/2017 peak/anomaly is also seen at Lampedusa as well as in
8

the mean of the NH record, where it coincides with the Finokalia peak
but shows lower CH4 concentrations.

4. Conclusions

In the present study a 20-year-long observational data series of the two
major greenhouse gases, CO2 and CH4, as well as CO from the Finokalia at-
mospheric observatory on the island of Crete in the Eastern Mediterranean
are presented. These data consist of the longest record of GHG in the atmo-
sphere for the Eastern Mediterranean and are analyzed with regard to their
interannual, seasonal and diurnal variability. Monthly mean CO2 levels at
Finokalia reached 421.4 ppm in March 2021. Hourly CH4 levels at
Finokalia ranged from 1805 to 2041 ppb with an average value of 1900.2
± 39.6 ppb for the period 2002–2021. Hourly CO levels ranged from 47

Image of Fig. 5
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to 436 ppb with an average value of 133.7± 18.1 ppb for 2002–2021. The
observed increasing trends for CO2 of 2.4 ppm·y−1 since 2002 and for CH4

of 7.5 ppb·y−1 (20-year data since 2002) and 12.4 ppb·y−1 (2018–2021)
agreewith those derived from the NOAA network for NH and reflect the in-
crease in anthropogenic emissions. However, CΗ4 concentrations at
Finokalia are higher than the NHmean observations, indicating the impact
of significant regional sources of this GHG. Future studies with isotopic
measurements could help identify the origin of these regional sources.
The observed seasonal variability at Finokalia, with high CO2 and CH4

values during winter and low during summer, is in line with those derived
from the ICOS network over Europe but weaker in amplitude, reflecting the
background conditions of this coastal station in the Eastern Mediterranean.
CO2 seasonal variation shows the dependence of CO2 on photosynthesis of
plants with maximum CO2 concentrations in winter and autumn and mini-
mum values in summer, reflecting wood burning for heating or agricultural
activities in winter and photosynthesis in spring. Small diurnal variability
in CO2 was observed only in winter and in spring reflecting emissions and
photosynthesis variability respectively. The observed small seasonal vari-
ability of CH4, with peak values in winter and minimum values in summer,
is probably due to the methane consumption by OH radicals that are pres-
ent in higher concentrations during the summer months. Indeed, the
highest significant diurnal variability of CH4 was observed in the summer
months, with peak values in the early morning and evening hours and
minimum values around 14:00 local time. CO shows a decreasing trend of
1.6 ppb·y−1 since 2002 and a seasonality with a primary maximum in
late winter/early spring, a minimum in June and a secondary maximum
in August; the latter is most probably associated with open fires in the re-
gion. The interannual decrease of CO appears to be related mainly to the
continuous reduction in emissions from anthropogenic sources and is also
influenced by changes in OH radical concentrations that affect both CO sec-
ondary photochemical sources and sinks.

The daytime mean seasonal decrease of CH4 and CO agrees with their
loss by reaction with 24-h mean OH radicals, which is of the order of 0.7
± 0.2 × 107 molecules·cm−3 over the region during the summer. The
data presented here from the Finokalia station provide an ideal reference
of the atmospheric background for investigating the contribution that cities
make to GHG levels (see for instance in Dimitriou et al., 2021). They are
also used together with satellite observations in ongoing inverse modeling
exercises to improve the accuracy of countries' emission estimates in the ex-
tended region.
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